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Abstract Agrobacterium-mediated plant transformation is
typically conducted by inoculating plant tissues with an
Agrobacterium suspension containing approximately 108–
109 bacteria mL−1, followed by a 2–3-d co-culture period.
Use of longer co-culture periods could potentially increase
transformation efficiencies by allowing more time for
Agrobacterium to interact with plant cells, but bacterial over-
growth is likely to occur, leading to severe tissue browning
and reduced transformation and regeneration. Low bacterial
inoculum levels were therefore evaluated as a means to reduce
the negative outcomes associated with long co-culture. The
use of low inoculum bacterial suspensions (approximately
6 × 102 bacteria mL−1) followed by long co-culture (15 d)
led to the production of an average of three transformed sun-
flower shoots per explant while the use of high inoculum
(approximately 6 × 108 bacteria mL−1) followed by short co-
culture (3 d) led to no transformed shoots. Low inoculum and
long co-culture acted synergistically, and both were required
for the improvement of sunflower transformation. Gene ex-
pression analysis via qRT-PCR showed that genes related to
plant defense response were generally expressed at lower
levels in the explants treated with low inoculum than those
treated with high inoculum during 15 d of co-culture, suggest-
ing that low inoculum reduced the induction of plant defense
responses. The use of low inoculum with long co-culture (LI/
LC) led to large increases in sunflower transformation
efficiency. This method has great potential for improving
transformation efficiencies and expanding the types of target
tissues amenable for transformation of different plant species.
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Introduction
Since the first reports of using Agrobacterium tumefaciens to
introduce genes into plant cells (Bevan et al. 1983; Fraley
et al. 1983; Herrera-Estrella et al. 1983), Agrobacterium-me-
diated transformation has become the method of choice for
gene introduction in most plant species (Fillatti et al. 1987;
Bidney et al. 1992; Perl et al. 1996; Trick and Finer 1997;
Bond and Roose 1998; Clough and Bent 1998; Zhao et al.
2002; Cheng et al. 2003, 2004). With a more thorough under-
standing of how A. tumefaciens delivers transfer DNA (T-
DNA) into plant cells and integrates it into plant genome
(Gelvin 2003, 2012), Agrobacterium-mediated plant transfor-
mation has been continuously improved by optimizing condi-
tions for virulence gene induction (Alt-Mörbe et al. 1989;
Godwin et al. 1991), developing high-virulence bacterial
strains (Hood et al. 1993; Hansen et al. 1994), identifying
crop-specific strains (Benzle et al. 2015), adopting efficient
inoculation methods (Bidney et al. 1992; Trick and Finer
1997), and reducing plant defense responses (Perl et al.
1996; Olhoft and Somers 2001). Although different protocols
have been developed for transformation of many plant species,
plant tissues are always inoculated with an A. tumefaciens sus-
pension containing millions of bacteria (Fillatti et al. 1987;
Hiei et al. 1994; Bond and Roose 1998; Zhao et al. 2002).
This approach is likely based on the predominant conception
that the highest transformation rates result from the use of large
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numbers of bacteria to infect a large number of plant cells
(Cheng et al. 2004).
When plant tissues are inoculated with A. tumefaciens, the
presence of this plant pathogen can be detected by the plant
defense system, inducing responses that may limit transforma-
tion and regeneration from transformed cells. Recognition of
the pathogen-associated molecular pattern (PAMP), EF-Tu,
from A. tumefaciens, by a plant kinase receptor (EFR) in
Arabidopsis thaliana , reduced transformation by
A. tumefaciens through PAMP-triggered immunity (PTI) re-
sponses (Zipfel et al. 2006). Additionally, induction of several
plant defense genes was observed following inoculation of
A. tumefaciens onto either A. thaliana cell cultures (Ditt
et al. 2006), A. thaliana inflorescence stalks (Lee et al.
2009), tobacco cell cultures (Nicotiana tabacum, Veena
et al. 2003), or wheat (Triticum aestivum) embryogenic cal-
luses (Zhou et al. 2013). If pathogen challenges continued, the
amplitude of defense responses further increased, leading to
programmed cell death (PCD) or hypersensitive response
(HR) (Jones and Dangl 2006; Coll et al. 2011). Tissue brow-
ning, observed during Agrobacterium-mediated plant trans-
formation, was commonly associated with HR (Perl et al.
1996; Hansen 2000; Olhoft and Somers 2001).
Considering that plant defense responses triggered by
A. tumefaciens can reduce plant transformation efficiency, a
reduction of plant defense activation could potentially im-
prove transformation rates. The use of antioxidants to sup-
press the oxidative burst, a common event at the early stage
of HR (Lamb and Dixon 1997), has led to improvements in
transformation of maize (Zea mays, Frame et al. 2002), soy-
bean (Glycine max, Olhoft and Somers 2001), and grape (Vitis
vinifera, Perl et al. 1996). Increases in transformation efficien-
cy were also observed in the efrmutant of A. thaliana that lost
the ability to recognize EF-Tu (Zipfel et al. 2006). The acti-
vation of plant defenses could depend on the inoculum densi-
ty, as a threshold inoculum density of Pseudomonas
fluorescens was required for the induction of systemic resis-
tance in radish (Raphanus sativus, Leeman et al. 1995;
Raaijmakers et al. 1995). Since induction of plant defense
genes could result following inoculation of plant tissues with
a high number of infecting cells, the use of low-density inoc-
ulum may enable A. tumefaciens to evade the host detection
by not activating plant defense responses. This may be the
likely scenario in field infestations, where low numbers of this
bacterium found in the soil (Benzle et al. 2015) infect suscep-
tible plants at wound sites.
Co-culture is critical for plant transformation because it is the
period when A. tumefaciens cells interact with host cells and
deliver the processed T-DNA into the targeted cells.
Modification of co-culture conditions through medium modifi-
cation or plant tissue preparation has been explored to increase
transformation efficiency (Santarém et al. 1998; Olhoft and
Somers 2001; Cheng et al. 2003). Regardless of the
modifications, co-culture periods for most transformation proto-
cols were limited to 2–3 d (Bidney et al. 1992; Perl et al. 1996;
Trick and Finer 1997; Olhoft and Somers 2001; Cheng et al.
2003). Although an increase in the number of transformed cells
was observed with 5–6 d co-culture periods in citrange (Citrus
sinensis ×Poncirus trifoliata, Cervera et al. 1998), rice (Oryza
sativa, Rashid et al. 1996), and sunflower (Helianthus annuus,
Sujatha et al. 2012), extensions of co-culture periods were not
adopted due to severe bacterial overgrowth that suppressed plant
regeneration. To prevent A. tumefaciens overgrowth during co-
culture, approaches that could slow bacterial growth have been
evaluated, such as placement of plant tissues on filter paper
(Ozawa 2009), addition of silver nitrate to media (Zhao et al.
2002), and desiccation of explants (Cheng et al. 2003). With
most of these approaches, the co-culture time remained less than
4 d, suggesting that slowing bacterial growth could not
completely preclude unwanted damages to plant tissues associ-
ated with long co-culture. Although a 7-d co-culture was used to
improve transformation in rubber tree (Hevea brasiliensis), a
low co-culture temperature was used, which slowed the growth
of the bacteria (Blanc et al. 2006).
Although sunflower tissues seem to be quite responsive to
Agrobacterium-mediated transformation (de Ropp 1947;
Murai et al. 1983), sunflower regeneration systems are ineffi-
cient and the generation of transgenic plants remains problem-
atic. Transgenic sunflower plants were first obtained by using
Agrobacterium-mediated transformation followed by shoot
organogenesis from callus induced from hypocotyl tissue
(Everett et al. 1987). Since shoot regeneration from callus
was not consistent, different transformation protocols were
developed using target tissues that were more reliable for plant
recovery. Most of the sunflower transformation protocols
targeted the shoot apex (Bidney et al. 1992; Weber et al.
2003) or embryo axis (Grayburn and Vick 1995), but the fre-
quency of transgenic shoot production has remained low due
to the low shooting response from these tissues. Cotyledon
tissues of dry seeds gave a high shoot induction response
(Power 1987), and that tissue was also shown to be suitable
for sunflower transformation (Sujatha et al. 2012).
Unfortunately, the number of transgenic shoots obtained from
each explant was not reported (Sujatha et al. 2012), making a
comparison of efficiency with previous studies difficult. In
that report, a short increase in co-culture time by 2–4 d did
not lead to any increase in transgenic shoot production, and a
2-d co-culture period was recommended (Sujatha et al. 2012).
In this study, a simple and straightforward method is pre-
sented for significantly improving transformation rates using a
low-density inoculum of Agrobacterium followed by a long
co-culture period using sunflower as a model. The use of low
inoculum/long co-culture (LI/LC) led to a significant increase
in transgenic shoot production that has never been seen with
the traditional inoculum and co-culture protocols for plant
transformation using Agrobacterium in sunflower.
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Materials and Methods
Plant material preparation Seeds of sunflower (H. annuus
L.) RHA280 were harvested from plants grown under green-
house conditions as previously described (Zhang and Finer
2015), and stored in sealed plastic bags at 4°C in the dark
for up to 1 yr. After pericarps were removed manually, high-
quality kernels (those without developmental defects or ne-
crotic regions) were used for transformation. Kernels were
surfaced sterilized with 5% (v/v) commercial bleach (8.25%
[w/v] sodium hypochlorite; Clorox, Oakland, CA) for 20 min,
and rinsed with sterilized distilled water 8–10 times. After the
embryo axis was removed by making a cut 1–2 mm from the
cotyledonary node perpendicular to the longitudinal axis, the
remaining cotyledons were immersed in liquid shoot induc-
tion medium (SIM). After overnight immersion, the seed coat
was easily removed from the cotyledons with minimal dam-
age to cotyledon tissues. SIM was composed of Murashige
and Skoog salts (Murashige and Skoog 1962), Gamborg’s
B5 vitamins (Gamborg et al. 1968), 30 g L−1 sucrose (MP
Biomedicals, Solon, OH), 1.5 mg L−1 6-benzylaminopurine,
and 0.2 mg L−1 1-naphthaleneacetic acid. The medium pH
was adjusted to 5.7, and sterilized by autoclaving at 121°C
for 20 min. All medium components were obtained from
Sigma-Aldrich® (St Louis, MO) if not otherwise specified.
Agrobacterium strain and binary vector A. tumefaciens
strain EHA105 was used for plant transformation. An expres-
sion cassette, composed of a sunflower polyubiquitin gene pro-
moter (HaUbi, GenBank accession KX231815) cloned from
RHA280, a soluble green fluorescent protein (gfp) gene coding
sequence, and a nopaline synthase (nos) terminator, was
inserted into the multiple cloning site of the pCAMBIA1300
binary vector (CAMBIA, Canberra, Australia), upstream of the
hygromycin phosphotransferase (hptII) gene regulated by the
cauliflower mosaic virus (CaMV) 35S promoter and CaMV
35S terminator. The binary vector was introduced into
EHA105 competent cells by the freeze–thaw approach (Chen
et al. 1994). Bacteria were then grown on a modified yeast
extract peptone (YEP) medium (pH 7.0) at 28°C for 2 d. YEP
was composed of 5 g L−1 yeast extract (Thermo-Fisher
Scientific, Waltham, MA), 10 g L−1 Bacto™ peptone
(Becton, Dickinson & Company, Sparks, MD), 0.5 g L−1
MgSO4•7HO2, 1 g L
−1 sucrose, solidified with 20 g L−1
Bacto™ agar (Becton, Dickinson & Company), and
100 mg L−1 filter-sterilized kanamycin (Thermo-Fisher
Scientific). Bacterial colonies were screened for the presence
of the introduced plasmid by polymerase chain reaction (PCR)
using specific primers for HaUbi:gfp and virG genes (Table 1)
as previously described (Benzle et al. 2015). PCR products
were electrophoresed in a 1% (w/v) agarose gel stained with
ethidium bromide and visualized under UV (λ = 365 nm) illu-
mination. A glycerol stock (containing 15% [v/v] sterilized
glycerol) was made for overnight liquid culture from a PCR-
positive colony and stored at −80°C.
Bacterial inoculum and plant tissue transformation
Bacterial cultures were initiated from the glycerol stock,
grown on solid YEP medium containing 100 mg L−1 kana-
mycin at 25°C, and maintained for up to 1 mo. For each
experiment, a new single colony was inoculated into 2 mL
liquid YEP medium containing 100 mg L−1 kanamycin, and
incubated in the dark at 28°C at 150 rpm. After 24 h, 500 μL
of the culture was inoculated into 50 mL liquid YEP contain-
ing 100 mg L−1 kanamycin, and incubated in the dark at 28°C
at 150 rpm overnight. After the optical density at λ = 600 nm
(OD600) of the culture reached between 0.6 and 1.0, the bacte-
rial culture was centrifuged at 3000×g for 10 min at 4°C. The
pellet was re-suspended in inoculation medium, consisting of
liquid SIM supplemented with 100 μM acetosyringone (1 M
stock solution in dimethyl sulfoxide, filter-sterilized;
PhytoTechnology Laboratories®, Overland Park, KS) and
0.02% (v/v) Silwet-77 (Lehle Seeds, Round Rock, TX), with
OD600 adjusted to about 0.55 (10
8–109 bacteria mL−1). The
Agrobacterium inoculumwas incubated at 25°Cwithout shaking
in a laminar flow hood for about 4 h before use in plant trans-
formation experiments.
Sunflower cotyledons were inoculated with A. tumefaciens
by immersing them in the bacterial suspension for 10min, and
then blotting them on filter paper. Three additional cuts were
made on each cotyledon with 1–2 mm between each cut,
parallel to the first cut and perpendicular to the longitudinal
axis, on filter paper wetted with the bacterial suspension, pro-
ducing three cotyledonary explants having two cut sides, with
the distal round end discarded. Cotyledon explants were placed
on SIM solidified with 0.2% (w/v) Gelrite™ (Research Products
International,Mt. Prospect, IL), generally with a cut side close to
proximal end in contact with the medium, and incubated under
standard culture conditions of 25°C with a 16 h photoperiod
(40 μmol m−2 s−1) using Plant & Aquarium fluorescent lamps
(Philips Lighting, Somerset, NJ) alternating with Gro-Lux®
wide spectrum fluorescent lamps (Sylvania®, Mississauga,
Canada). After 3 d of co-culture, the explants were washed with
liquid SIM containing 400 mg L−1 Timentin® (SmithKline
Beecham Pharmaceuticals, Philadelphia, PA), blotted dry, and
Table 1. Primer sequences for amplification of the HaUbi promoter,
gfp, and virG
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transferred to solid SIM containing 400 mg L−1 Timentin and
7.5 mg L−1 hygromycin B (Calbiochem, La Jolla, CA).
Evaluation of inoculum density and co-culture time on
transformation Different inoculum densities were first eval-
uated using a 15-d co-culture period. Log10 serial dilutions of
a high-density A. tumefaciens suspension (OD600 ≈ 0.55), ob-
tained as previously described, were made using inoculation
medium as the diluent. Fifteen cotyledons were immersed in
9 mL of either an undiluted A. tumefaciens suspension, or one
of the 10−2, 10−4, 10−6, 10−8, or 10−10 dilutions, for 10 min.
The cotyledon explants were prepared and plated on solidified
SIM as previously described. Cotyledon explants were co-
cultured with A. tumefaciens for 15 d under standard culture
conditions. To calculate the number of viable bacteria in the
suspensions, 100 μL each of the 10−5 and 10−6 dilutions was
plated on solid YEP medium containing 100 mg L−1 kanamy-
cin and incubated at 25°C for 3 d. For each experiment, the
concentration of bacteria in the 10−5 and 10−6 dilutions was
used to calculate the number of colony-forming units (CFU)
mL−1 in each different inoculum.
To determine the effects of low and high inoculum density
using short and long co-culture times, sunflower cotyledon
tissues were inoculated with either undiluted A. tumefaciens
suspension (referred to as high inoculum hereinafter) or the
10−6 dilution (referred to as low inoculum hereinafter), follow-
ed by either a co-culture period of 3 d (referred to as short co-
culture hereinafter) or a co-culture period of 15 d (referred to
as long co-culture hereinafter). The explants with short co-
culture were washed with liquid SIM containing 400 mg L−1
Timentin® after a 3-d co-culture period, and transferred to
solid SIM containing 400 mg L−1 Timentin® for further cul-
ture, while the explants with long co-culture were maintained
on SIM for 15 d without interruption. Hygromycin selection
was not applied in any of these four treatments. In addition,
the transformation approach using high inoculum with short
co-culture followed by selection with 7.5 mg L−1 hygromycin
B (referred to as high inoculum/short co-culture plus Hyg-
selection hereinafter) was included.
Observation of GFP in plant tissue GFP expression in sun-
flower tissues was monitored using a MZFLIII stereomicro-
scope (Leica, Heerbrugg, Switzerland) equipped with a GFP-
2 filter set (excitation 480 ± 40 nm; emission 510 nm) and a
pE-100 light-emitting diode (Andover, Hampshire, UK) as an
excitation light source. To gauge the transformation efficiency,
the number of adventitious shoots expressing GFP (BGFP
shoots^) for each explant was counted 15 d after inoculation.
Shoots with only dispersed GFP-expressing cells that did not
form a solid sector were not counted as GFP shoots. Images of
explants were collected with a Nikon (Melville, NY) Coolpix
990 digital camera mounted on the MZFLIII fluorescence
stereomicroscope. The total number of adventitious shoots
was also counted for each explant in order to measure the
effects of treatments on the efficiency of shoot induction.
Detection of Agrobacterium on explants Cotyledons were
inoculated with low or high inoculum, followed by long co-
culture on SIM as previously described. At 0, 3, 6, 9, 12, and
15 d after inoculation, seven cotyledon explants were removed
from culture for each treatment, and each explant was individ-
ually placed in a 1.5 mL microfuge tube containing 100 μL
liquid YEP. The cotyledon tissues were homogenized using
sterilized plastic pestles (Argos Technologies, Elgin, IL) driv-
en by an electric power drill. Homogenates of 100 μL for each
sample were plated on YEP medium containing 100 mg L−1
kanamycin. After incubation for 3 d at 25°C, the presence of
Agrobacterium on explants was determined based on the
growth of bacteria on YEP.
Quantitative real-time for selected genes after
Agrobacterium inoculation Upregulated genes, associated
with plant defense response to A. tumefaciens infection, were
selected from studies of Agrobacterium inoculation of
A. thaliana cell cultures (Ditt et al. 2006), inflorescence stalks
(Lee et al. 2009), tobacco cell cultures (Veena et al. 2003), and
wheat embryogenic calluses (Zhou et al. 2013). Orthologs of
the selected genes were identified in the sunflower genome by
running basic local alignment search tool (BLAST) using the
HeliaGene database (www.heliagene.org/HA412.v1.1.
bronze.20141015) with the amino acid sequences of the
selected A. thaliana genes (Table 2), and the best hit with
the highest percentage of identity and the lowest expectation
value was chosen for each gene. Afterwards, the amino acid
sequence of the best hit for each sunflower gene was used to
run BLAST using The Arabidopsis Information Resource
(TAIR; www.arabidopsis.org) database to confirm that the
selected sunflower gene and the best hit of A. thaliana gene
belonged to the same gene family. The selected genes were
HaPR1,HaPR2,HaMBL,HaWRKY53, andHaOxo (Table 2).
In addition, a sunflower ortholog of the Arabidopsis shoot
meristemless (STM) gene (HaSTM) was identified and includ-
ed in this study to monitor how shoot induction was influ-
enced by different inoculation methods (Table 2). Specific
primers (Table 3) for qRT-PCR were then designed using the
real-time qPCR Assay Tool (Integrated DNA Technologies,
Coralville, IA) or the PrimerQuest® Tool (Integrated DNA
Technologies).
Cotyledons were inoculated with either low or high inocu-
lum, and explants were prepared and plated on SIM for co-
culture as previously described. Explants derived from cotyle-
dons, immersed in inoculation mediumwithout A. tumefaciens
for 10 min, were used as a non-inoculated control. Seven cot-
yledon explants were removed from culture at 3 h, or 3, 6, 9,
12, and 15 d after inoculation, frozen in liquid nitrogen, and
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stored at −80°C. RNA extraction was performed within 1 mo.
Three independent experiments were conducted.
Total RNAwas isolated by using the RNeasy® Plant Mini
Kit (QIAGEN, Hilden, Germany), and genomic DNA was
removed using the on-column RNase-Free DNase Set
(QIAGEN) according to the manufacturer’s instructions.
RNA samples were screened by PCR with HaOxo primers
(Table 3), which spanned an 887 bp intron, and the detection
of a 1011 bp amplicon in PCR products after electrophoresis
indicated the presence of genomic DNA contaminant. The
samples with detectable genomic DNA contamination were
further treated with the Ambion® DNA-Free Removal Kit
(Thermo-Fisher Scientific) according to the manufacturer’s
instructions until genomic DNAwas undetectable. RNA con-
centration was quantified using a Nanodrop® ND-1000 spec-
trophotometer (Thermo-Fisher Scientific), and RNA integrity
was determined by gel electrophoresis. Single-strand cDNA
was synthesized with a RETROscript® Reverse Transcription
Kit (Thermo-Fisher Scientific) from 1–2 μg of total RNA
according to the manufacturer’s instructions. The products
were diluted, and 5 ng cDNAwas used as template for qRT-
PCR.
Quantitative RT-PCRs were conducted in 20 μL reactions
using iQ™ SYBR® Green Supermix (Bio-Rad, Hercules,
CA) following the manufacturer’s instructions, and the
iQ™5 optical system (Bio-Rad) was used to measure target
cDNA levels. The PCR cycling conditions were 3 min at
95°C; 40 cycles of 10 s at 95°C and 30 s at 60°C; and a melt
curve profiling program with a constant increase by 0.5°C
every 30 s from 55 to 95°C. Each gene assay was conducted
three times for each sample. The data (quantification cycle,
Cq) were obtained from the iQ™5 optical system software
(Bio-Rad), and analyzed according to the qBase relative quan-
tification framework (Hellemans et al. 2007). Amplification
efficiency of each assay was estimated based on the qRT-PCR
data of a 5-log serial dilution (0.005, 0.05, 0.5, 5, 50 ng μL−1)
of the pooled cDNA from all samples in each independent
experiment. The Cq values were converted into relative quan-
tity and then normalized by three reference genes (Table 2)
using the geNorm method (Vandesompele et al. 2002). The
reference genes were HaActin, HaRPS2, and HaEFh
(Table 2), and the stability of the reference genes was deter-
mined by the gene-stability measure (Vandesompele et al.
2002; Hellemans et al. 2007) (M = 0.72). The means of nor-
malized relative quantity were calculated from three indepen-
dent experiments for each gene/treatment/time point.
Data analyses In a transformation experiment, each treatment
consisted of at least 3 Petri dishes, and each Petri dish
contained 15 explants from 5 different cotyledons. The
Table 2. Sunflower orthologs studied by quantitative RT-PCR analysis

























































Table 3. Primer sequences for quantitative real-time PCR
Gene names Forward primer Reverse primer Expected amplicon size (bp)
HaPR1 GGTGGACCTTATGGTGAGAAC CACGTATTGGTAGTGTGGTCATA 113
HaPR2 TTGGTTCCGCTAGTTCAGAAG GGATATTGGGTGTTAAGTTCGTC 148
HaMBL CAAACCCTACATCATCGTCAAATC CTAAGGTTTCCGTCTATCCCTAATC 83
HaWRKY53 CGATGACGGTTATAGTTGGAGG TCGTCTGTTCTCTGCACTTG 135
HaOxo GAGTGGAAGGATTATCTCAGCC ACCTCTTGACAACCGTTTCAG 124
HaSTM GTCTCATCCTCATTACCCTCG CGGAGCGACTGGACATTG 149
HaActin CCCAGTTCTCTTAGGCACAAC GCCCTCAAATATGTCCCTACG 141
HaRps2 GATGGTTTTGCAGATGCGAG TCCTCTGGTTCCCTGTAGAAG 87
HaEFh GCTTTCAGCCTCTTCGACAAG CCATCAGCATCCACCTCATTG 134
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experiments were repeated at least three times using a
completely randomized design. The data of transformation
and shoot organogenesis were analyzed using SAS/STATsoft-
ware (Version 9.4 of SAS System© 2002–2012, SAS Institute
Inc., Cary, NC) with the GLM procedure, and means compar-
ison was conducted using Duncan’s multiple range test
(α = 0.05). Logarithm transformation of the normalized rela-
tive quantity data for gene expression was conducted (Rieu
and Powers 2009) before data analysis, and the transformed
data were analyzed by the GLM procedure for each gene/time
point, followed by mean comparison using Duncan’s multiple
range test (α = 0.05).
Results and Discussion
Transformation efficiency was low with high inoculum
and short co-culture Sunflower cotyledon tissues were sus-
ceptible to Agrobacterium-mediated transformation by
EHA105, and transformed cells expressing GFP were ob-
served as early as 2 d after inoculation, following use of high
inoculum (OD600 between 0.5 and 0.6, approximately 10
8–
109 CFU mL−1). Despite the strong GFP expression from
the HaUbi promoter, most of the GFP-expressing cells were
located at the cut sides of the cotyledons, where shoot organ-
ogenesis rarely occurred (Fig. 1a). In contrast, the cells on the
adaxial side of cotyledon, where adventitious shoots mostly
formed, rarely showed early GFP expression using high inoc-
ulum (Fig. 1a, b). In tobacco and maize cells, transgene ex-
pression was detected within 24 h after A. tumefaciens inocu-
lation (Narasimhulu et al. 1996), and a 2–3-d co-culture has
traditionally been used for generating transformed cells and
plants (Godwin et al. 1991; Bidney et al. 1992; Hiei et al.
1994; Perl et al. 1996; Trick and Finer 1997; Bond and
Roose 1998; Zhao et al. 2002; Cheng et al. 2004; Ozawa
2009).
Although sunflower cotyledon explants displayed a high
shoot production response, the frequency of GFP shoot pro-
duction was very low with high A. tumefaciens inoculum
levels and 3 d of co-culture followed by a hygromycin B
selection (Fig. 1b–d). Explant preparation generated many
wounded exposed cells at the cut side of the cotyledon, and
these cells apparently produced the phenolic compounds and
monosaccharides that are chemotactic and inducers of
A. tumefaciens virulence genes (Parke et al. 1987; Cangelosi
et al. 1990). With high inoculum levels, the large numbers of
bacteria apparently transformed the cells located in the
wounded tissues during the early co-culture period.
Although transformation of wounded sunflower tissue does
not appear to be difficult, the rapidly transformed cells in the
cut regions do not necessarily contribute to shoot formation.
The difficulty in targeting regeneration-competent cells has
been one of the major challenges in producing transgenic sun-
flower plants (Laparra et al. 1995).
LI/LC increased the frequency of GFP shoot production
The use of low inoculum suspensions (approximately
6 × 102 CFU mL−1) with 15-d-long co-culture resulted in the
production of transformed cells at the shoot-forming regions
with much higher efficiency, leading to a significantly higher
number of GFP shoots than obtained using high inoculum
(Fig. 2). The high inoculum (OD600 ≈ 0.55) contained about
6 × 108 CFU mL−1, while its 10−2, 10−4, 10−6, 10−8, and 10−10
dilutions contained about 6 × 106, 6 × 104, 6 × 102, 6, and
6 × 10−2 CFU mL−1, respectively. Unlike the high inoculum
treatment, the use of diluted bacterial suspensions did not
result in detectable early GFP expression in wounded tissues,
probably due to the lower numbers of A. tumefaciens cells on
each explant at the early time point. By the time the
A. tumefaciens population increased, those early-wounded
cells in the cut cotyledon may not have been as susceptible
to Agrobacterium-mediated transformation, which might ex-
plain why the LI/LC method led to fewer transformed cells at
the cut sides than high inoculum. Regardless, the use of a low
inoculum suspension with about 6 × 102 CFU mL−1 led to a
significant increase in the production of GFP shoots after a 15-
d-long co-culture (Fig. 2). More than 20% of the explants
exposed to this low inoculum formed GFP shoots, with about
three GFP shoots per explant (Fig. 3). When bacterial density
in the A. tumefaciens suspension was either higher or lower
than 6 × 102 CFU mL−1, the percentage of explants with GFP
shoots and the numbers of GFP shoots per explant were both
lower (Fig. 3). Interaction between inoculum density and co-
culture time was observed, and low inoculum and long co-
culture were both required for the increased transformation
efficiency of sunflower shoots (Table 4). Neither low inocu-
lum with short co-culture nor high inoculum with either short
or long co-culture yielded any GFP shoots (Table 4). In addi-
tion, the production of transformed shoots with the LI/LC
method without hygromycin B selection was 30-fold higher
than the traditional approach of using high inoculum/short co-
culture plus Hyg-selection, where 6% explants formed GFP
shoots, with 0.06 GFP shoots per explant (data not shown).
The increase of GFP shoot production by the LI/LC meth-
od could be attributable to the extended time of interaction
between bacteria and plant tissues. With extended interaction,
A. tumefaciens would likely have more opportunities to target
and transform the rapidly growing cells that are involved in
shoot formation and plant regeneration, producing more trans-
genic shoots. Previous attempts to increase transformation by
extending co-culture period with high inoculum were unsuc-
cessful, as plant regeneration were severely suppressed by
bacterial overgrowth and no improvement of transgenic shoot
production was observed (Rashid et al. 1996; Cervera et al.
1998; Sujatha et al. 2012). In the present study, the number of
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shoots arising from explants treated with low inoculum was
similar to the number produced without inoculation, and
higher than those treated with high inoculum (Fig. 4).
Although alternate wounding approaches have been
employed for successful transformation of sunflower tissues
(Bidney et al. 1992; Grayburn and Vick 1995; Weber et al.
2003), too much wounding also reduces the regeneration re-
sponse due to disruptions to organized tissues (Trick and Finer
1997). With the use of LI/LC shown here, additional
wounding was not necessary for the enhanced transformation
in the shoot-forming regions, making the LI/LC method valu-
able for tissues where wounding is undesirable. It is still pos-
sible that moderate wounding or the application of other ap-
proaches could further expand the applications of the LI/LC
approach.
Low inoculum led to lower infestation rates At 0 d (imme-
diately after inoculation), A. tumefaciens cells were detected
on every explant treated with high inoculum, but not on any
explants treated with low inoculum (Fig. 5). Bacteria were
detected in some explants 3 d after the low inoculum treat-
ment, but the percentage of explants with detectable bacteria
never reached 100%. In contrast, bacteria were detected on all
the explants sampled during 15 d of co-culture after the high
inoculum treatment (Fig. 5). The presence of A. tumefaciens
on explants did not necessarily lead to GFP shoots. With high
inoculum, GFP shoots were rarely obtained, regardless of the
consistent detection of A. tumefaciens cells. Bacteria were
always detected on explants producing GFP shoots. With
low inoculum, bacteria were detected on explants forming
GFP shoots as well as those having no GFP shoots. High
inoculum could lead to visible bacterial growth on the co-
culturemediumwithin 1 wkwhile low inoculum did not result
in visible bacterial growth around explants until almost the
end of the long co-culture period.
The large variation in the percentage of explants with de-
tectable bacteria observed with the low inoculum treatment
indicated some variation in the initial number of bacteria on
each explant, which could explain the considerable variation
Figure 1. Transformation using
high inoculum and 3-d co-culture
followed by hygromycin B
selection. (a) Explant showing the
cut side at the top 8 d after
inoculation. (b) Explant showing
GFP in the cotyledon tissue with
induced shoots on the adaxial side
having no GFP expression 16 d
after inoculation. (c), (d) Explant
showing the cut side in contact
with the medium 16 d after
inoculation, with a single GFP
shoot (arrowhead) and most
GFP-expressing cells at the cut
side; c under GFP excitation
conditions (GFP-2 filter); d under
brightfield (no filter). Bar =
1 mm.
Figure 2. GFP-expressing shoots observed on cotyledon explants
inoculated with Agrobacterium suspensions of either 6 × 108, 6 × 106,
6 × 104, 6 × 102, 6, or 6 × 10−2 CFU mL−1 (equivalent to undiluted,
10−2, 10−4, 10−6, 10−8, or 10−10 dilution, respectively) after 15-d co-
culture. Bar = 1 mm.
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of transgenic shoots arising from each explant (Fig. 3). Many
explants that did not form any GFP shoots may simply not
have been inoculated with a single A. tumefaciens cell or the
inoculated bacteria did not survive. Using traditional
inoculation methods, explants were dipped in and exposed
to a bacterial suspension, but the number of bacteria that be-
came attached to the explants could not be controlled. With an
inoculum containing tenfold more bacteria than the low inoc-
ulum, about three viable bacteria on average were detected on
each explant after inoculation (data not shown), suggesting
that bacterial numbers on explants inoculated with low inoc-
ulum were very small, perhaps under the detection limit of the
YEP plating assay. Given this situation, most of explants
might not have been infected when using inocula containing
less than 6 × 102 CFU mL−1, so that diminished transforma-
tion was observed (Figs. 2 and 3).
Tomore precisely control the amount of inoculated bacteria
and reduce some of the variability in the production of trans-
formed shoots using the LI/LC approach, an alternate inocu-
lation method of directly pipetting defined volumes of dilute
bacterial suspensions was explored. Althoughmore controlled
inoculation of low numbers of bacteria was achieved, more
consistent GFP shoot production among inoculated explants
was not observed with this approach (data not shown). As the
LI/LC method is further developed and optimized, other
Figure 3. Transformation efficiency of cotyledon explants with
inoculum suspensions of 6 × 108, 6 × 106, 6 × 104, 6 × 102, 6, or
6 × 10−2 CFU mL−1 (equivalent to undiluted, 10−2, 10−4, 10−6, 10−8, or
10−10 dilution, respectively) after 15 d of co-culture. (a) Mean
percentages of explants having GFP shoots. (b) Means of GFP shoots
per explant. Bars represent standard error, with different letters indicating
significant difference based on Duncan’s multiple range test (p < 0.05).
Values are mean ± standard error.
Table 4. The effect of inoculum
density and co-culture time on
sunflower transformation
Co-culture time (d) Percentage of explants with GFP shoots (numbers of GFP shoots per explant)
Agrobacterium inoculum density (CFU mL−1)
6 × 108 6 × 102
3 0.0 ± 0.0 (0.0 ± 0.0) a 0.0 ± 0.0 (0.0 ± 0.0) a
15 0.0 ± 0.0 (0.0 ± 0.0) a 23.7 ± 2.3 (1.8 ± 0.7) b
Data represent mean ± standard error based on three replicates, each replicate containing 45 explants.Mean values
followed by different letters are significantly different based on Duncan’s multiple range test (p < 0.05)
Figure 4. Shoot organogenesis of cotyledon explants after inoculation
with Agrobacterium suspensions of 6 × 108, 6 × 106, 6 × 104, 6 × 102, 6,
6 × 10−2, or 0 (no inoculation, no) CFU mL−1 (equivalent to undiluted,
10−2, 10−4, 10−6, 10−8, 10−10 dilution, or negative control, respectively)
followed by 15-d co-culture. Data represent the mean percentage of
cotyledon explants forming shoots (white) and the mean of shoots per
explant (gray) after 15 d of culture. Bars represent standard error, with
different letters within each group (white or gray, no mark or prime,
respectively) indicating significant difference based on Duncan’s
multiple range test (p < 0.05). Values are mean ± standard error.
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inoculation methods will likely lead to further increases in
transformation efficiencies.
Low inoculum led to reduced expression of plant defense
genes Orthologs of five sunflower genes (Table 2) were iden-
tified based on five A. thaliana genes that were upregulated
after A. tumefaciens infection and contributed to defense re-
sponses (Ditt et al. 2006; Lee et al. 2009). The bidirectional
BLAST analysis confirmed that the sunflower genes and the
corresponding A. thaliana genes belonged to the same gene
family. Differential expression of these genes was observed
between the low inoculum and high inoculum treatments.
Based on qRT-PCR, their expression in explants treated with
low inoculum was, in general, lower than with high inoculum
(Fig. 6). The lower expression levels of some key genes asso-
ciated with plant defense responses in the low inoculum treat-
ment suggested that a reduction in expression of plant defense
response genes may reduce or eliminate the inhibition of
Agrobacterium-mediated plant transformation (Veena et al.
2003; Zipfel et al. 2006).
A sunflower ortholog of PR protein 1 (HaPR1) was
expressed at higher levels under high inoculum than low in-
oculum at 9 and 12 d (Fig. 6a).HaPR1 expression as 9 d after
the high inoculum treatment was sevenfold higher than the
low inoculum treatment, while its expression after the low
inoculum treatment remained low until the end of long co-
culture (Fig. 6a). After 3 d of co-culture, a sunflower ortholog
of PR protein 2 (HaPR2) was expressed 20-fold higher in
explants treated with high inoculum than low inoculum, and
its expression continued to increase (Fig. 6b). HaPR2 expres-
sion in tissues treated with high inoculum was consistently
over tenfold higher than in tissues treated with low inoculum
during co-culture from 3 to 15 d (Fig. 6b). Since the accumu-
lation of PR proteins is associated with systematic acquired
resistance (SAR) (Ward et al. 1991; Uknes et al. 1992), the
higher expression of PR proteins in the high inoculum
treatment indicated the activation of SAR. The induction of
SAR with high inoculum may have contributed to reduced
transformation rates in sunflower, as constitutive expression
of PR proteins has previously been shown to confer resistance
to Agrobacterium-mediated transformation in A. thaliana
(Veena et al. 2003; Gaspar et al. 2004). In contrast, the use
of low inoculum probably delayed or avoided the activation of
SAR, leading to enhanced transformation.
A bulb-type lectin/S-locus glycoprotein/mannose-binding
lectin (HaMBL) also expressed at higher levels in the explants
treated with high inoculum than those treated with low inoc-
ulum from 6 to 15 d during co-culture (Fig. 6c). HaMBL
expression in explants after high inoculum treatment contin-
ued to increase while its expression in explants treated with
low inoculum remained almost unchanged (Fig. 6c). Since
mannose-binding lectin/bulb-type lectins are potential recep-
tors of lipopolysaccharides that are the major components of
the bacterial outer membrane, and thus may serve as PAMP
signals (Dow et al. 2000), induction of a mannose-binding
lectin gene HaMBL by high inoculum suggests the activation
of PTI that could inhibit Agrobacterium-mediated transforma-
tion. Bulb-type lectin genes have been associated with plant
defense responses to bacterial pathogens in A. thaliana (Ranf
et al. 2015) and pepper (Capsicum annuum, Hwang and
Hwang 2011). Although a direct link between the bulb-type
lectin/mannose-binding lectin and resistance toA. tumefaciens
has not been clearly demonstrated, induction of expression of
the HaMBL gene in this study as well as previous gene ex-
pression results from inoculating A. thaliana inflorescence
stalks with A. tumefaciens (Lee et al. 2009) suggest that it
functions as a receptor for some unknown PAMP signals
(Zipfel et al. 2006). Accumulated PAMP signals probably
activate plant defense responses that result in lower transfor-
mation efficiencies (Zipfel et al. 2006).
High inoculum led to slightly higher expression of
WRKY53 than low inoculum. High expression of
HaWRKY53 was observed soon after explant preparation
(0 d, Fig. 6d), yet there was no significant difference among
inoculation treatments. After 3 d of co-culture, the expression
of HaWRKY53 started to decline in explants treated with no
inoculation and low inoculum, while its expression in explants
treated with high inoculum remained stable, being about two-
fold higher than in explants treated with low inoculum from 3
to 9 d (Fig. 6d). HaWRKY53 expression in low inoculum
increased and reached a level comparable to high inoculum
at 12 and 15 d. Transcription factor WRKY53 is a marker for
the early stages of senescence (Hinderhofer and Zentgraf
2001) and is also associated with stress responses (Miao
et al. 2004). The relatively high expression of HaWRKY53
at 0 d could be attributable to the wounds generated during
explant preparation. Higher expression of HaWRKY53 in ex-
plants treated with high inoculum from 3 to 9 d indicated that
explants underwent more severe stress or more cells
Figure 5. The change in the percentage of explants with detectable
Agrobacterium during 15-d co-culture after inoculation of explants with
either low inoculum (low) or high inoculum (high). Values are mean
± standard error.
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Figure 6. Relative expression levels of HaPR1, HaPR2, HaMBL,
HaWRKY53, HaOxo, and HaSTM in explants inoculated with either no
inoculation (no), low inoculum (low), or high inoculum (high) over 15 d
of co-culture determined using qRT-PCR. Different letters indicate
significant difference among treatments at the same time point based on
Duncan’s multiple range test (p < 0.05).
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underwent HR than with low inoculum during this period,
which could limit the transformation of the induced cells that
have the potential to contribute to meristem formation and
shoot formation.
An oxoglutarate/iron-dependent dioxygenase gene
(HaOxo) expressed at a higher level with the high inoculum
treatment than with the low inoculum treatment at 12 and 15 d
during co-culture. Although no difference was observed
among treatments from 0 to 9 d, its expression in the high
inoculum treatment was over sevenfold higher than in the
low inoculum treatment during the later stage of co-culture
(Fig. 6e). Since the A. thaliana ortholog of HaOxo is associ-
ated with PCD induced by H2O2 (Gechev et al. 2005) and also
induced by A. tumefaciens infection (Lee et al. 2009), the
higher expression of HaOxo at the later stage of co-culture
with high inoculum suggested that more plant cells were
progressing through PCD at this time point. After exposure
to large numbers of A. tumefaciens cells, plant defense was
likely induced, probably leading to apoplasmic alkalization
and reactive oxidative burst that could function as apoptosis
signals (Mur et al. 2008) and negatively affect plant regener-
ation from transformed cells.
In addition, the expression of the sunflower ortholog of the
Arabidopsis shoot meristemless (STM) gene (HaSTM) that is
related to shoot meristem formation, tended to be higher with
the low inoculum treatment than the high inoculum treatment.
A significant difference was observed at 15 d between the low
inoculum and the high inoculum treatments (Fig. 6f). The
higher expression of HaSTM in the low inoculum treatment
suggested higher shoot meristem activity in the explants treat-
ed with low inoculum than high inoculum. Higher shoot in-
duction responses were observed with the low inoculum treat-
ment compared to the high inoculum treatment (Fig. 2). A
high shoot induction response likely contributed to a higher
production of transformed shoots, when low inoculum was
used with long co-culture.
Conclusions
A novel Agrobacterium-mediated transformation procedure
was developed for sunflower, using low inoculum at about
6 × 102 CFU mL−1 with a long co-culture period of 15 d.
With high inoculum and short (2–3 d) co-culture, the single
cells that were transformed were located in freshly cut tissues.
These transformed cells apparently did not contribute to later
plant regeneration. In contrast, use of low inoculum with a
long co-culture period increased the chances of transforming
cells that contributed to meristem formation. The use of low
inoculum allowed an extension of co-culture time, increasing
the opportunity for A. tumefaciens to interact with appropriate
target cells. As opposed to high inoculum, use of low inocu-
lum levels did not lead to suppression of plant regeneration or
activation of defense responses. The use of LI/LC may be
more similar to the infestation of plants by Agrobacterium
sp. in nature, where relatively low amounts of bacteria are
found in the soil (Benzle et al. 2015). The approach described
here could lead to improvements in transformation efficien-
cies of other plants and development of targets, which have
not previously been considered useful for transformation.
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